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Summary 
Many times prills and granules suffer quality problems like low strength figures, dust and caking 
behaviour. These quality problems are due, in large part, to high moisture content. The moisture 
content of the final product is largely determined by the moisture content in the urea melt feed and 
thus the design, operation and maintenance of the evaporation (also called concentration) section is 
critical. This paper will discuss, in detail, ways in which one is able to control and minimize the 
moisture content in prills and granules. 
This paper was presented during the Nitrogen & Syngas Conference in February 2014 in Paris. 
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Many times prills and granules suffer quality problems like low strength figures, dust and 
caking behaviour. These quality problems are due, in large part, to high moisture content. The 
moisture content of the final product is largely determined by the moisture content in the urea 
melt feed and thus the design, operation and maintenance of the evaporation (also called 
concentration) section is critical. This paper will discuss, in detail, ways in which one is able to 
control and minimize the moisture content in prills and granules. 

INTRODUCTION TO PRILLING AND GRANULATION PROCESSES 
The final marketable urea product is produced primarily 
by either a prilling or granulation process. 
Prilling is a process in which the urea melt is divided 
into droplets using a prilling device. The droplets, while 
cascading down the prilling tower, are contacted with a 
large amount of air, which makes the droplets cool 
down and solidify. Several kinds of prilling devices are 
used, such as rotating baskets or showerheads. 
Depending on the technology, vibration is applied to 
the prilling devices in order to produce droplets of more 
uniform shape. Whichever device is used, they all have 
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one thing in common: dividing the melt into droplets. 
It is extremely important that the resulting droplets meet final product size requirements; for fertilizer 
applications, droplets of 1.7 to 1.9 mm size are the minimum required. 
The crystallization heat and cooling down of the prills is completely taken care of by the air flow through 

the prill tower. The urea melt concentrate is fed 
to the prilling tower; typically at 99.7 wt%, as a 
minimum and correspondingly, less than 0.3 
wt% moisture content. 75% of the urea produced 
worldwide is in the form of prills 
The other 25% are almost all granules, which 
can be produced in drum granulation units or 
fluid bed granulation units. The heart of these 

processes is a rotating drum or a fluid bed granulator, in which small size granules (called seeds) are 
enlarged in size by urea melt droplets or urea films. These melt droplets or films are produced by a special 
design of sprayers and typically licensors treat these sprayers as proprietary equipment items. 
Current fluid bed granulation processes require urea melt concentration between 96.5 wt% and 98.5 wt%, 
or 1.5 to 3.5 wt% moisture content. The crystallization heat and cooling down of the granules is taken care 
of by the recycle of cold seeds, fluidized air and the evaporation of the water in the melt. Typically the size 
of granules is around 3.0 mm. All granulation processes need a granulation agent, mostly formaldehyde, 
allowing for a higher crushing strength and to prevent excessive dust formation that could take place in the 
granulator. 

PROPERTIES OF PRILLS AND GRANULES 
Urea melt has a lower density than solid urea and the density of both depends on temperature. The 
density of urea melt at 130°C (solidification temperature of 99.7 wt% urea melt) is 1220 kg/m3, while the 
density of solid urea at 130°C is 1312 kg/m3, which is thus 7.5% higher. Further the density of solid urea at 
30°C is 1333 kg/m3, so another 1.5% higher than at 130°C. 
In a prilling tower, the urea melt droplet solidifies from the outside inward. 
Once a rigid solid shell has been formed the remaining liquid urea melt will 
solidify and shrink in volume, which was occupied by liquid, creating 
approximately 7% in cavities. Should formation of the shell casing lack 
rigidity, a large hole can form in the prill. 
Let’s have a closer look at the surface of prills and granules. Find below the 
SEM (scanning electron microscope) pictures of prills (“Georgia urea 
particle”) and granules produced in a drum granulation (“Terico urea 
particle”). 
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It can clearly be seen that urea crystals with their characteristic lengths of a few μm gather both on the 
external particle and internal fracture surfaces, form a rough external surface and torturously 
interconnected air paths inside each particle. The crystals on the outer surface of drum granules appear to 
be several times larger than those on prills. Compared with prills, drum granules have larger pores and 
higher internal porosity. 
Both internal and external surface areas provide critical feedback on the process of moisture adsorption 
and desorption. And typically, the moisture mass transfer from the internal surface is only possible by 
diffusion, so much less efficient than from the external surface. 

HEAT AND MOISTURE MASS TRANSFER PHENOMENA 
Let’s now study the solidification process within a prilling tower in more detail. In the cooling process of the 
melt droplets, heat transfer is within the air/melt boundary layer; this is the limiting factor. The area of this 
boundary layer being proportional to the droplets surface area makes the heat transfer process for prills a 
relatively slow process, which explains the large size of prilling towers. 
Another aspect inherent to the prilling process is the large amount of air that is required, which is typically 
15 kg/hr air for each 1 kg/hr urea. Also underlying here is the relatively small surface area of the urea 
droplets, as they are formed in the prilling device. Whereas we’ve considered the consequences of this on 
the heat-transfer, it also limits mass transfer between the droplet / prill and the surrounding air.  

Heat transfer process in prills 
Urea melt leaves the prilling bucket or shower heads with a temperature typically within a temperature 
range of 139-140°C; while the melt point is only 132.8°C. This first means the urea melt needs to have a 
sensible amount of heat removed prior to reaching the crystallization temperature (zone 1). Then 
crystallization starts and a significant larger amount of heat needs to be removed due to the crystallization 
enthalpy being relatively high (zone 2). Finally, solid urea will continue cooling until the prill reaches the 
bottom of the prill tower (zone 3). The residence times of falling prills mainly depend on the size, but 
typically are about 20 seconds for small prills (0.5 mm) and 7 to 9 seconds for larger prills (> 1 mm). 
The prill arrives at the bottom completely solidified typically 5% of the total heat will be removed in zone 1, 
65% in zone 2 and 30% in zone 3. 
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During actual production, these zones will exist at the 
same time and there will be a temperature gradient 
from the core of the prill to the shell of the prill; cooling 
down and solidification will grow inwardly from the shell 
towards the core. The solidification rate is directly 
related to the heat transfer rate.  
Typical temperature gradients are plotted, please see 
figure below. When exiting the prilling bucket (t=0) the 
melt droplet has a uniform melt temperature. The melt 
cools down from shell to core and a temperature 
gradient in the melt phase occurs. At the same time, 
the outside skin starts to solidify (t=0.46). Then the 
complete melt phase is at crystallization temperature 
while the solid shell starts to grow toward the inside of 
the prill (t=1.21, t=1.63, t=1.91). This process continues 
until the complete core is solidified (t=2.06). Note that the skin temperature continuously reduces during 
this process, while the core remains at a relatively high temperature. Φ is temperature with 0.0 as the 
crystallization temperature and η is location, with 1.0 being surface. 

Moisture mass transfer in prills 
As explained above, the prilling process starts 
with superheated urea melt droplets, which 
solidify slowly from the shell to core and after 
complete solidification, will cool further until the 
prills reach the bottom of the prilling tower or 
even during further storage.  
As caking and crushing strength of prills are 
largely influenced by the moisture content, let’s 
investigate in detail the process of moisture 
mass transfer. 
Urea melt fed to a prilling tower typically contains 
0.3 wt% water and has a water vapour pressure 
of about 35 mbar, at a temperature of 140°C. In 
the prilling tower the melt droplets are in contact 
with air, which is flowing upwards. Assuming that 
at the inlet of the prilling tower the air has a 
temperature of 40°C and a RH of 85%, this air has a water vapour pressure of about 62 mbar. During its 
travel upwards this amount of water hardly changes. This is caused by the huge amount of air compared to 
the amount of urea: 15 kg/hr versus 1 kg/hr. Let’s assume urea will lose all its water to the air; the water 
vapour pressure still would only increase to about 65 mbar. During this stage the water vapour pressure of 
the air is larger than the water vapour pressure of the urea melt, which would mean that some water could 
be absorbed by the melt. However, the heat transfers from the melt to the air, so it is unlikely that much 
water would be able to transfer to the melt. 
This situation changes dramatically when the shell of the prill droplet starts to solidify. For this we need to 
have a look at the phase diagram of urea-water. When urea melt with a concentration of 99.7 wt% cools 
down below the saturation point, it forms solid urea (100 wt% urea) and a liquid phase (also called mother 
liquor) with a relatively low urea concentration. For example at 120°C the mother liquor has a urea 
concentration of 95 wt%, at 100°C some 88 wt% and at 80°C some 80 wt%.  
This means that a prill with 0.3 wt% moisture content actually at 120°C contains 6 wt% (=0.3*100/5) 
mother liquor liquid phase with 5 wt% water and at 80°C it contains 1.5 wt% (0.3*100/20) mother liquor 
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liquid phase with 20 wt% water. This means that during the cooling process, urea from the mother liquor 
precipitates as urea crystals on the internal and external surfaces. 

Combination of heat and moisture mass transfer process in prills 
Although the amounts of mother liquor are small, its water vapour pressure is relatively high, much higher 
than the water vapour pressure of the air especially at higher temperatures. This situation remains even 
until the prills reach the bottom of the prill tower at for example 60°C. In this phase some water may 
transfer from the prill to the air together with the heat. 
Refer to the picture below for a graphical representation of the above process.  

 
As the prill cools from its shell to its core while falling downwards, the water vapour pressure of the prill 
shell reduces while the water vapour pressure of the core is still relatively high. In the porosities of the prill 
shell urea crystals are formed during the cooling process reducing the possibility of mass transfer via 
diffusion. Further, the lower shell temperature also reduces the diffusion processes itself. The shell thus 
forms a kind of barrier for the moisture mass transfer process similar as for the heat transfer process.  
To conclude, we believe that during the prilling process a limited amount of water can be transferred from 
the prill to the air. This means water content must be kept to a minimum in the urea melt in order to assure 
a good final prill quality.  
The heat and moisture mass transfer phenomena in a drum or fluid bed granulation is more complicated to 
describe but similar conclusions can be drawn: The mass transfer process of moisture from the granule to 
air is slow. Practice has proven that in a granulation process, the design water content in the urea melt 
must be maintained in order to assure a good final granule quality. 

UREA MELT CONCENTRATION 
The control of water content in the urea melt occurs in the evaporation or concentration section of the urea 
plant; the vacuum required in this section is provided and maintained by vacuum producing equipment. 
First stage evaporation typically uses a precondenser based vacuum system and a booster ejector 
vacuum system is used for the higher vacuum requirements of the second stage evaporation section. 
To operate the evaporators at the design pressures and design temperatures is, however, not always easy 
or even possible as many urea plants operate at higher plant loads than design and/or with higher than 
design cooling water temperatures (i.e., summer conditions). Plus, possible fouling in the evaporator’s 
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separator due to polymerization of urea, causing higher pressure drops; it is also possible that fouling on 
the cooling water side could affect the vacuum condensers. 
Furthermore, the steam ejectors in the evaporation section are typically driven by low pressure steam, 
which is produced within the urea process itself; in the synthesis section by the high pressure carbamate 
condenser. At higher plant loads one has to lower the steam pressure in order to be able to control the 
synthesis pressure. For example at 120% plant load the LP steam pressure can be some 0.2 bar lower 
than at design plant load as indicated in the graph below. Such variation in steam pressure can have an 
effect on ejector performance. 

 
So now in an evaporation section we can have a combination of the following parameters, which 
negatively influence the performance and increase urea melt moisture content: 

- high loads 
- low steam pressure on the ejectors 
- high cooling water temperatures 
- fouling on process side  
- fouling on the cooling water side 

Proper design and operation of the vacuum system in the evaporation section is critical to the quality of 
prills or granules. Special attention to the original design parameters is required to maintain vacuum levels; 
steam, cooling water, fouling and increased load all have the potential to adversely affect the quality of the 
final product. 
We would like to first briefly discuss the operation of a typical vacuum system, beginning with the ejector. 
This is a very specialized piece of equipment that contains no moving parts, and through the conversion of 
potential energy to kinetic energy of a motive medium, normally steam, a low pressure region is created 
within the suction chamber of the ejector. The vacuum created, entrains the suction load from the 
evaporators into the ejector. The mixture, at this point, can be travelling at 680 to 1020 m/s as it enters the 
diffuser section of the ejector. Please refer to the schematic below: 

Plant Load [%] 

LP steam 
pressure 
[barabs] 
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As the mixture enters the converging walls of the diffusor, due to characteristics of compressible 
supersonic flow, the mixture begins to slow down as it approaches the throat, the constricted portion of the 
diffusor. A shockwave is created as the mixture slows from supersonic to subsonic velocity within the 
throat. There is an abrupt increase in pressure, where compression of the mixture takes place. Every 
ejector is designed to exhaust to a predetermined Maximum Discharge Pressure (MDP) that is established 
by the downstream equipment (i.e. condenser) or to atmosphere. During operation, if the shockwave fails 
to form, or is intermittent, compression will be affected and vacuum level in the evaporator will become 
unstable or elevated absolute pressure above design. The impact to quality of the final urea product will be 
evident. 
As noted earlier, increased loads in the existing urea plants, have required increased loads in the high 
pressure carbamate condenser. To meet these increased loads, a greater amount of energy to remove in 
the high pressure carbamate condenser is required; however this may come with a cost downstream, in 
the evaporation section. 
The ejectors downstream in the evaporation section use low pressure steam (4-5 barA) produced by the 
high pressure carbamate condenser. Each ejector is specifically designed to work with a minimum motive 
pressure; should motive pressure fall below the minimum, the shockwave will dissipate and the ejector will 
cease compressing (functioning); a failure that will have an adverse effect on the complete vacuum system 
and most importantly, worsen the vacuum level of the evaporator, thus increasing moisture content. It is 
therefore very important, when ordering a vacuum system, to specify the minimum steam pressure that will 
be available. 
Steam quality is also an important consideration; it should be dry and saturated. The term ‘dry and 
saturated’ describes steam that has no entrained moisture present; nor, is it superheated. Poor quality 
steam not only threatens the operation of the ejector by reducing energy and capacity, but also may 
promote erosion in both the steam nozzle and diffusor. Slight superheat would be beneficial to assure dry 
steam conditions; however too much superheat will have a negative effect on steam flow. 
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Example 

• Motive steam at 4.5 BarA, dry & saturated 
 - T = 147.9°C, specific volume = 0.414 m3/kg 
 - Flow thru 2.54cm nozzle throat = 1232 kg/hr 
 

• Motive steam at 4.5 BarA, 50°C Superheat 
 - T = 197.9°C, specific volume = 0.471 m3/kg 
 - Flow thru 2.54cm nozzle throat = 1155 kg/hr 
 - 6% reduction in steam flow 

 

Below please find a typical layout for a two-stage evaporation process; the schematic will help illustrate 
how cooling water temperature affects the overall performance of the vacuum system. Cooling water 
temperature is a key component in the calculation of Log Mean Temperature Difference (LMTD) which, 
along with the overall heat transfer coefficient, dictates the condensing capability of the vacuum 
condensers. If the temperature of the cooling water increases, LMTD will be adversely affected, impacting 
the performance of the vacuum condenser. The negative impact of higher water temperatures is more 
drastic on the pre-condenser of the first stage evaporator vacuum system and on the first inter-condenser 
of the second stage evaporator vacuum system, as their LMTDs are normally low as a result of lower 
condensing temperatures. 
As the vacuum condenser loses its capacity to condense, the vapour pressure will begin to increase within 
the vacuum condenser, and correspondingly, condenser operating pressure rises. As mentioned earlier, 
the upstream ejector is designed to overcome a Maximum Discharge Pressure, and ejector performance 
breaks down at discharge pressures above this maximum design value. Therefore, as cooling water 
temperature rises above design, the condenser operating pressure (and hence the upstream ejector 
discharge pressure) rises, causing the upstream ejector performance to break down. As can be followed in 
the schematic, a cascading effect begins to take place. 
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Fouling is another important consideration when designing a new vacuum system, and also in establishing 
a sound maintenance program. Provisions for fouling are normally made by adding a fouling resistance to 
the clean heat transfer rate resulting in a service rate that has a fouling allowance that would require a 
larger vacuum condenser. Fouling has a multiple affect, reducing the heat transfer rate, and in more 
pronounced cases reducing the cooling water flow. 
The fouling resistance impact is more distinct in the pre-condenser of the first stage evaporator, and in the 
first inter-condenser of the second stage evaporator. This is due to the higher heat transfer rate, as a result 
of the high water vapour load component. It is not unlikely to see the service heat transfer be half of the 
clean rate on those vacuum condensers; whereas, in the smaller downstream vacuum condensers, the 
impact of additional fouling resistance on the required surface area is far less. 
It should be understood that a higher capital cost for the larger equipment will be required initially. 
However, critical to optimized operation of the system, the frequency in which the urea plant process 
needs to be halted for cleaning would be significantly reduced. Hence, a decision at the design stage 
requires that a balance be found between cleaning frequency and initial capital cost. 
The loss of vacuum is a concern which ultimately rests on the shoulders of the operator of the urea plant. It 
can, however, be addressed, and monitored with proper design practices during the engineering stage, 
prior to plant construction. At this stage, the process licensor works closely with the operator to develop a 
sound project customized to the plant’s geographical location. Also, at this stage of design, consultative 
discussions on the criticality of decisions regarding minimum steam pressure, maximum cooling water 
temperatures, and adequate fouling resistance provisions must also be considered. 
Proper vacuum system monitoring is essential to effectively troubleshoot the system. As a minimum, 
steam pressure gauges installed at each ejector, to effectively monitor steam pressure to ensure it is 
above minimum design requirements; water temperature, and pressure gauges at each cooling water inlet 
and outlet nozzle, to more easily identify issues resulting from higher than design cooling water 
temperatures and/or fouling. 
Besides fouling on the cooling water side, the evaporation section in a urea plant experiences fouling on 
the process side. Highly concentrated urea melt at low pressures and high temperatures partly dissociates 
in ammonia and isocyanic acid (HNCO), which are both gasses. At cold spots, however, ammonia and 
isocyanic acid combines again to form urea. Also further polymerization to biuret, triuret etc. can occur.  
These polymers form in the evaporator separators and inlet lines to the 
vacuum system and create higher pressure drops. It is difficult to dissolve 
these polymers in water and flushing with concentrated urea melt currently 
proves to be the best solution. In addition, proper tracing and insulation to 
avoid cold spots; and a proper design should minimize the risk for this kind 
of fouling. Typically, it is preferred to avoid internals in the second stage 
evaporator separator as this has proven to be an area prone to urea 
polymer fouling. Refer to the picture on the right side, of a separator from a 
second stage evaporator, where one tries to remove the urea polymers by 
hand. 
On the ejectors and vacuum condensers, additional water flushes are 
typically installed to remove any urea and carbamate fouling in this equipment. The operator should be 
aware that flushing, when applicable, of the booster ejector of the second stage evaporator vacuum 
system is also a concern that affects vacuum levels. Flushing is intermittent and normally done several 
times a week, for about 10 minutes. This process is manual, and care is required not to forget to turn the 
flushing valve off. We have seen this issue in a urea plant, where an operator has left the valve open, 
causing the booster ejector to lose vacuum. According to our internal testing, this can amount to about a 
12% increase in operating pressure. Conversely, maintaining design operating pressure would reduce 
capacity by 15%. 
  



A. J. Cadena,  M. Brouwer 

202 Nitrogen + Syngas 2014 International Conference & Exhibition (Paris 24-27 February 2014) 

 

 
 

To illustrate the effect of added load to an ejector, the curve on the left is a typical curve that all of 
Graham’s ejectors are delivered with. Every ejector has a design suction pressure, load and discharge 
pressure. This particular ejector has a design point of 21 mmHgA, with a load of 9362 kg/hr. As the load 
changes, the ejector will follow the curve, either up or down.  
As can be seen, increasing the load by 10% would raise the suction pressure of the ejector from 21 
mmHgA to approximately 24 mmHgA. An ejector’s performance curve is a tool for the operator and 
maintenance personnel to understand the effects of additional process loads, load composition and the 
ever present problems with air in-leakage. 
To illustrate the direct effect of vacuum level to prill 
moisture content, please refer to wt% Urea Melt 
graph for aqueous urea at 140°C. As the absolute 
pressure increases (lower vacuum) the urea melt 
declines in concentration (water content % 
increases). With this illustrative graph, one can 
quickly see the effect of suction pressure on the 
moisture content of the urea melt.  
Operating at a higher melt temperature to achieve 
desired concentration is tempting, however, not 
practical, as the biuret content can unfavourably 
rise resulting in a lower quality prill. 
Finally, a vacuum system is designed to handle a certain amount of non-condensables; additional non-
condensables added to the system due to air in-leakage will eventually cause the vacuum system to be 
overloaded. Normally, the last stage ejector, which has the smallest capacity, will be the first to have its 
operation affected.  
An inexpensive air in-leakage meter is available, and recommended for close monitoring. Graham air 
leakage meters operate by directing air flow from the vapour outlet of the air ejector aftercondenser 
through a given size orifice. The resulting pressure drop across the orifice is then correlated to a flow rate 
and is displayed on a dial type gauge. This allows the operator to monitor and troubleshoot air in-leakage 
to the system. 

CONCLUSIONS 
There exists a direct correlation between water content of urea melt and a good prill or granule quality. The 
water content in the urea melt is determined by the design and operation of the evaporation section. 
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The vacuum system, that is ejectors and vacuum condensers, even of a seemingly simple mechanical 
nature, base their unique performance characteristics and interaction with each other requiring careful 
consideration of the design parameters and adequate provisions to prevent costly operational difficulties; 
while at the same time, providing sufficient flexibility in plants exceeding their nameplate capacity during 
operation; which is often the case. 
World class vacuum equipment manufacturers that can provide the vacuum package system can insure 
the proper balance of ejector and condenser design with a single responsibility and guarantee of 
maintaining the optimum vacuum at the evaporator with the corresponding optimum concentration of the 
urea melt. Your vacuum equipment manufacturer should have long time and wide range of experience and 
be available to offer solutions, and assist in optimizing the evaporation section; not only with a new plant, 
but also with working with the operator in developing various vacuum system revamping options, which 
could include reusing existing equipment. 
Urea Plants in operation are consistently looking for ways to increase production levels. However, doing so 
could inadvertently affect the proper functioning of the vacuum system. Establishing a close relationship 
with the vacuum system manufacturer will make available the expertise required to quickly troubleshoot 
vacuum problems and assist in improving an operating plant. 
For any further information, the authors ask that you please visit them at  
www.graham-mfg.com and www.UreaKnowHow.com. 
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