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Bac kg round I n t rod u ct i o n 

There are currently a number of options for handling the condensate 
generated from the Heat Pump Water Heater (HPWH). 
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Background Advantages of CID process 

Control System 

The other methods of disposal have undesirable qualities that are 
addressed with the CID. 

heating capacity of the HPWH. 
The CID allows the formation of 

condensate to maximize the use of 
the HPWH 

Control system limits operation of 
heat-pump to prevent condensate, 

thus increasing electric heating 



Background Condensate Injection Device 

The condensate injection device (CID) shows promise as an improved 
technique for disposing of condensate from the Heat Pump Water Heater. 

+ No external plumbing or additional 
electrical connections are required. 

+ Integral with the HPWH, the spatial 
envelope of the water heater is 
maintained. 

Gain in condensate disposal 
efficiency contributes to the overall 
HPWH delivery efficiency relative to 
evaporative techniques. 

issue increases market penetration of 
HPWH. 

+ Elimination of condensate disposal 

Float 
Switch 

Pressure Switch 

Condensate Drain Tube 
(from Condensate 
Pan of Evaporator) 

Condensate 
Collection 
Container 



Background Estimated Energy Savings 

The estimated energy savings associated with the CID are large when 
compared to re-evaporation or de-superheater methods. 
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Background Project Approach Scope of Work 

The prototype development of the condensate disposal system was 
accomplished using the following tasks. 
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Background Project Approach Schedule 

A majority of the project time was spent in the design and development 
stage of the program. 

dov. I Dec. I Jan. I Feb. I Mar. I Apr. I May I June1 July I Aug. ISept.1 Oct. I Nov. 

I Task 2 - Design and Development 
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Conceptual Design Development Stages 

We completed the conceptual design in five stages. 
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Conceptual Design Current Technology 

Current technology exists that reclaims atmospheric water for 
consumption. However, the CID is unique in its application and approach. 

+ US 5,845,504. “Portable/Potable Water Recovery and Dispensing 
Apparatus” 
- Uses a refrigeration cycle to condense atmospheric water. Condensate is 

then treated in a bacteriostat with a carbon filter for purification. 

+ US 5,517,829. “Apparatus for Producing Filtered Drinking Water” 
- Uses a refrigeration cycle to condense atmospheric water. Condensate is 

then treated using chemical disinfectants and a filtration system. 

+ US 5,553,459. “Water Recovery Device for Reclaiming and Refiltering 
Atmospheric Water’’ 
- Uses a refrigeration cycle to condense atmospheric water. Condensate is 

then treated using filters and a photocatalytic coating on the evaporator 
coil. 

+ Many other patents exist on similar, refrigeration-based systems for purpose 
of generating potable water. 
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Conceptual Design Regulatory Bodies 

In the second stage, we identified four major regulatory bodies having 
requirements that may influence the design and application of the CID. 
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Conceptual Design EPA Regulations Primary Standards 

The EPA's National Primary Drinking Water Regulations (NPDWRs) are 
I ega I I y enforceable standards . 

'There are many contaminants, these selected few are related to the pluming system itself. 
2LeveIs of Legionella are based on observed levels of Giardia lamblia that are found and killed or inactivated. 



Conceptual Design EPA Regulations Secondary Standards 

Secondary Standards are the EPA’s non-enforceable guidelines. However, 
states may choose to adopt them as enforceable. 



Conceptual Design UL Certification 

UL certification is highly desirable, but not required, for household 
appliances. 

+ Two principal UL standards apply to the CID: 
- UL 499, Standard for Safety for Electric Heating Appliances, and 
- UL 834, Standard for Safety of Heating, Water Supply, and Power Boilers- 

Electric 

+ UL 499 serves as the primary standard of concern for the CID: 
- Electrically energized product that generates steam for other than space 

- Has an electrical power rating of 15kW or less. 
heating purposes, and 

Contacts at UL indicated they would likely use some of the tests described in 
UL 834 for compliance testing. 

+ Selecting UL certified components where possible will speed up the approval 
process for the CID. 
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Conceptual Design International Mechanical Code 

The IMC only applies to equipment having a condensate drain, therefore it 
is not applicable to a HPWH using the CID. 

307.2.1. Condensate disposal. Condensate from all cooling coils or 
evaporators shall be conveyed from the drain pan outlet to 
an approved place of disposal as follows: 

1. 

2. 

Units larger than 6 tons nominal capacity shall discharge to a 
sanitary sewer drain, storm sewer drain, or a French drain 
constructed in accordance with Section 307.2.1 . I  . Where 
discharging to a sanitary sewer, such drains shall be 
indirectly connected in accordance with the plumbing code. 
Units 6 tons and smaller nominal capacity shall discharge in 
accordance with Item 1, or shall discharge to a gutter, roof 
drain or other approved location. 

+ The focus of the code is to protect the equipment and building from harm, i.e., 
- condensate draining onto a roof and puddling, or 
- sewer gases or sewage entering the equipment through a direct connection1. 

International Mechanical Code Commentary 
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Conceptual Design International Plumbing Code 

The IPC focuses on protecting potable water systems from contamination. 

+ We will need to show the CID, in combination with HPWH, does not 
contaminate the potable water supply. 

- 602.2 Potable water required. Only potable water shall be supplied to plumbing 
fixtures that provide water for drinking, bathing or culinary purposes .... Unless 
otherwise provided in this code, only potable water shall be supplied to all 
plumbing fixtures. 

- 608.3 Devices, appurtenances and apparatus. All devices, appurtenances, 
appliances and apparatus intended to serve some special function, such as 
sterilization, distillation, processing, cooling, or storage of ice or foods, and that 
connect to the water supply system, shall be provided with protection against 
backflow and contamination of the water supply system. Water pumps, filters, 
softeners, tanks and all other appliances and devices that handle or treat potable 
water shall be protected against contamination. 
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Conceptual Design Other Codes 

We also reviewed other codes, but found they were not necessarily relevant 
to the design of the CID. 

+ American Society of Mechanical Engineers Boiler and Pressure Vessel Code, 
Section VIII, Division I, does not apply to vessels with an inside diameter less 
than six inches. 

+ National Fire Protection Agency (NFPA) 70, also known as the National 
Electric Code (NEC). 
- Required for the device to meet national building codes 
- Already required under the UL standards 

+ National Sanitation Foundation sets water standards that are more stringent 
than the EPA. 
- Primarily utilized for bottled water marketed as “healthful” 
- Completely voluntary certification 
- ANSVNSF 61 -1 999, Drinking Water System Components, defines allowable materials 

for potable water, already covered under the IPC 
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Conceptual Design Regulatory Exploration 

Based on initial discussions with regulators, further development work and 
testing is needed to determine compliance with existing regulations. 

+ It was difficult for most people to determine whether the device complied with 

+ There was consensus that if the CID could be shown to produce potable 

the existing regulations based on a concept description. 

water its chances for acceptance would be high. 
- Contacts within the IPC and sanitation agencies were in agreement with 

this assessment. 

+ It is unclear whether the CID will be evaluated as a separate component or 
as part of a water-heating system. 

With further development and testing we will approach the IPC and IMC for 
their assessment of the CID's compliance with the regulations. 
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Conceptual Design IPC & IMC Compliance 

If the CID is considered non-compliant with respect to current IPC and IMC 
codes, there are at least two methods for obtaining compliance. 

Obtain an “approved device” status for the CID/HPWH through certified 
testing by an independent, third party laboratory 
- This may involve significant investment of time and money 
- Allowance is valid for several years, after which another validation test is 

required 

Seek to change the building code to accommodate the CID 
- This is regularly done when new technologies are developed 
- Involves thorough analysis and testing of the CID 

Seeking an “approved device” status will facilitate changing the applicable 
building codes. 
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Conceptual Design Design Targets 

In the third stage, we established design targets for the CID based on our 
knowledge and previous experience with the HPWH. 

It is desirable to ensure the CID will exceed the life 

Based on the power available to a standard electric 
Operating Power 10 amps at 240V 

It is desired embed the CID within the HPWH’s 
Spatial Envelope 



Conceptual Design Function-Structure Diagram 

We developed a function-structure diagram for the fourth stage resulting in 
seven manageable sub-systems. 

Disposal 
System 

Condensate 

....... 

Condensate 

Prevent Backflow 

... 
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Conceptual Design Fourth Stage Concept Generation 

Using the function-structure diagram as our basis, we generated 
concepts using a methodology proven at ADL on numerous projects. 

+ A briefing package was created and distributed to all participants. 

+ Several sessions were held consisting of participants with relevant 
backgrounds; 
- mechanical design 
- materials science 
- regulatorykanitary engineering 
- refrigeration and thermal sciences 

+ Potential technical challenges were discussed. 

+ Specific concepts were documented, discussed and evaluated. 

+ Concepts were ranked against the specifications to identify the best 
prospects for further consideration. 
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Conceptual Design Fifth Stage Trade-off Study 

Finally, in the fifth stage, we completed a trade-off study to decide which 
concepts would make the most sense in the preliminary design of the CID. 

+ After review of all the concepts generated in the sessions, we 
downselected those concepts we felt had the most potential for the CID. 

+ We then performed a trade-off study on those concepts with the most 
potential. 

+ We identified the pros and cons associated with each concept. 

We estimated the manufactured cost based on available data for the 
production of 1000 units / year. 

+ We selected the concepts based on our judgement of the pros and cons 
and associated cost. 
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Conceptual Design Trade-off Study lnlet Valve 

For the inlet valve, a check valve seemed to offer the least expensive 
design that would consistently work (as compared to the gravity seal). 



Conceptual Design Trade-off Study Pressure Vessel 

Aluminum 

High 
Tem pe ra t u re 
Polymer 

For the prototype development, a brass vessel was chosen because it is 
easy to machine and provides good corrosion resistance. 

Excellent Thermal Poor Corrosion $1 

LowestCost treated) 
Good Machinability 

Properties, Resistance (unless 

Excellent Corrosion High Temperature $8 
Resistance Requirements Make 

This Cost Prohibitive 



Conceptual Design Trade-off Study Level Sensor 

A capacitive level sensor avoids potential problems associated with 
mechanical parts and may be less costly when assembled. 

'Stagnant water in the bottom of the evaporator pan may be a source for bacteria and/or mold growth 
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A rope heater provides a cost-effective method of heating the CID vessel. 



Conceptual Design Trade-off Study Temperature Sensor 

Immersed 
Thermal Probe 

Differential 
Pressure 
Transducer 

A bi-metal switch is a reliable and cost-effective temperature sensor. In 
addition, it serves as a mechanical shut-off device for the CID. 

Direct Measurement of Cost Prohibitive $8 
Vessel Contents 

Direct Interpolation of Cost Prohibitive $1 0 
Water Temperature and 
Tank Pressure 



Conceptual Design Conceptual Design Control System Trade -Off 

The simplest control system algorithm activates the CID only when it is 
full. 



Conceptual Design Trade-off Study Outlet Valve 

A single, spring-backed check valve meets the design requirements for the 
outlet valve at the lowest cost. 



Conceptual Design Conceptual Design Estimated Production Costs 

Based on the selected components, our initial manufactured cost 
estimate for 1000 units / year totals $1 4.85. 

This cost exceeded our initial design target of $10, but we may have 
been over-optimistic. A $15 cost target may represent a more realistic 
design target. 
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Design and Development Process 

We performed a number of design iterations in the development of the final 
CID prototype. 

Modified valve seals 
Inlet check valve didn’t work, 
developed plastic float 

Condensate boiling 
in inlet tube 

Cycle time was longer 
than desired 

Plastic float failed, 
developed steel float 
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Design and Development I n it i al p roto type 

We designed and developed an initial prototype of the CID based on the 
concepts selected in the trade-off study. 

+ Vessel is a single, brass pipe 7.2” long and 1” OD, sized to . 
dispose condensate at a rate of 0.5 Ib / hour (assuming a 15 
minute cycle). 

+ The inlet check valve was designed to be neutrally buoyant 
through the use of a properly sized spring. The weight of 
water above the CID opens the valve. When the CID is full, 
the valve closes. 

the interior of the brass vessel. 

of the vessel and secured at each end. 

vessel (near the outlet). 

+ The top and bottom caps are brass. The caps thread into 

+ A 300 watt rope heater is tightly wrapped around the exterior 

+ A bi-metallic thermostat is attached to the bottom of the 
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Design and Development Initial Bench-Top Testing 

After initial bench-top testing, we identified several design issues. 

The teflon seats used in the inlet and outlet valves were too hard to enable 
reliable sealing. 
- High temperature EPDM O-rings were substituted to improve sealing to 

temperatures of 400" F (internal). 

The neutrally buoyant inlet check valve proved inadequate because it did not 
facilitate the escape of air trapped inside the vessel. Thus condensate was not 
able to enter the vessel. 
- A large inlet orifice was incorporated to facilitate the simultaneous influx of 

- The float was fabricated of Ultem 2300 (30% GF PEI) for low bulk density, 
water and exhaust of trapped air. 

high temperature resistance and ease of fabrication. 
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Design and Development Design Iteration Met Tube Boiling 

Upon further testing, we discovered that the condensate collected in the 
inlet tube would begin boiling. 

We determined that the undesirable boiling was caused by heat transfer 
through the metal cap. 
- Heat transfer through the float was also possible but unlikely due to the 

- A leak in the float valve seal could create the appearance of boiling in the 
thermal resistance of the plastic. 

in let tu be. 

+ Replacing the brass inlet cap with a plastic inlet cap greatly reduced the heat 
transfer from the vessel to the inlet tube. 

+ Ultem 2300 was used to construct the cap. This was later switched to Ryton 
(60% GF PPS) for improved temperature and steam resistance. 

This eliminated the boiling of the incoming liquid and significantly reduced 
the time required to complete condensate injection. 
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Design and Development Design Iteration Heat Transfer lrnprovernent 

After subsequent testing, we were still not satisfied with the amount of time 
that was required to heat the vessel. 

+ A thermally conductive adhesive was used to attach the rope heater to the 
vessel. 
- The adhesive contains aluminum oxide and has good thermal conductivity 

- The adhesive decreased the contact resistance between the vessel wall 
properties while maintaining electrical insulation. 

and the rope heater. 

+ The vessel wall was reduced in thickness, reducing the thermal mass 
(inertia) of the system, thus decreasing the time required to cool the CID. 

Insulation was also applied, but significantly increased the process time due 
to a much slower cooling of the CID after injection so it was abandoned. 

+ The total average process time is approximately 10 minutes start to finish. 
Much of this time was the cool down period (in an ambient environment). 
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Design and Development Design Iteration lnitial Lifecycle Tests 

During our preliminary lifecycle tests, the Ultem float design proved 
inadequate for extended periods of use. 

A number of plastic floats were fabricated and tested to make certain the 
failure was not a single occurrence. They all eventually failed. 

Failure was occurring at the solvent bonded joint of the float. 

Solvent bonding is regarded as the superior thermoplastic bonding means. 
It is unlikely other bonding methods would prove more successful. 

May 24, 2001 69465fr.ppt 39 



Design and Development Design Iteration Stainless Steel Float 

An evaluation of alternative float designs led to a drawn stainless-steel 
float. 

+ We evaluated other alternate materials. 
- Did not find identify any materials from which a solid geometry would float. 
- Some porous ceramics may hold possibility, but would require significant 

development effort and added CID cost. 

+ We investigated stock, spherical floats (off-the shelf ) 
- All were much larger than the inside diameter of the CID. 
- If incorporated, they would prevent the CID from being embedded in the 

jacket of the HPWH. 

+ A two-piece stainless steel float looked attractive. 
- The lower portion of the float is fabricated through a deep draw process. 
- In production, the upper portion could be stamped. 
- The two components are oven-brazed or soldered together. 
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Design and Development Design Iteration Current Prototype 

The current prototype of the CID includes the drawn metal float. 

The inlet O-ring was relocated from the vessel inlet to reside on the float to 
simplify manufacture and to improve the capture of the O-ring 

+ The float design offers significant potential for cost reduction when designed 
for manufacture. 
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Condensate Injection Device Detailed Design Manufactured Cost 

Manufactured costs are difficult to estimate since the design has been 
finalized. Rough estimates suggest the manufactured cost of the CID is 
about $1 4.00 for 1000 units / year. 

'The current HPWH has a micro-processor 
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Prototype Testing Overview 

Using the fabricated final prototype, we designed and performed a bench- 
top durability test. 
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Prototype Testing Testing Apparatus 

The bench-top test apparatus was designed to cycle the CID as rapidly as 
possible. 

A pressure-regulating valve provided a 
constant back-pressure for the CID. 

A IO-gallon tank provided a constant 
source of spring water to the CID. 

Water drained from the supply tank to 
the inlet of the CID through a 3/8” 
plastic tube. 

A 300 cfm fan blew air directly over the 
CID after each cycle (controlled using a 
power relay) to accelerate cooling. 

A Lexan cylinder housed the CID and 
directed the cooling air flow. 

A bladder tank (not shown) maintained 
a minimum back pressure of 40 psig on 
the system. 



Prototype Testing Thermocouple Placement 
- 

Thermocouples were placed on the CID at critical points. 

Ambient air temperature 

Inlet to the CID (the temperatures should not cause boiling) 

Upper portion of the CID vessel (prevent thermal damage to the plastic 
cap 
Lower portion of the CID (location of thermal-cut out switch) 

Exit of the CID (should be saturation temperature based on system 
pressure) 
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Prototype Testing Testing Sequence 

Although not entirely continuous, the bench-top CID completed over 5000 
cycles over a 21-day period. 

Prior to the adjustment, the software was programmed to shut down the CID if the cycle time exceeded 20 from the total mean cycle time. 

Determined that software bug prevented the CID from shutting down after three alarms had occurred. 

We decided this was excessive and therefore changed the logic to limit the CID to three successive alarms. An alarm occurred when the 
CID exceeded 20 (based on a running average of 10 cycles). 



Prototype Testing Typical Cycle 

The typical heating time of the bench-top CID was about 240 seconds. 



Prototype Testing Average Cycle Time 

Over the entire test, the cycle time increased by 20 seconds, from around 
230 seconds to about 250 seconds. 

49 



Prototype Testing Cycle Temperatures 

All of the temperatures remained within desired operating limits. The 
maximum temperature near the plastic cap never exceeded 340°F (170°C). 



Prototype Testing Boiling Water at CID Inlet 

Near the end of the durability test, we observed water boiling out of the top 
of the CID prior to each cycle. 



Prototype Testing Maxim um I nlet Temperatures 

The boiling over of the CID raised the inlet temperature, but did not 
noticeably effect the cycle time of the CID. 



Prototype Testing Float 0-Ring 

Upon disassembly, the O-ring on the float showed signs of damage. 

+ It’s shape may have decreased the ability for the 
CID to provide a positive seal at the beginning of 
each cycle, thus allowing the CID to boil over. 

+ The O-ring shows signs of pitting on the surface that 
was exposed to the water vapor. 

+ We suspect the pitting contributed to the sealing 
problem. 
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Prototype Testing Cap 0-Ring 

The O-ring around the top of the plastic cap also showed signs of 
failure. 

+ The O-ring around the plastic cap was permanently deformed. 

+ It is presumed this was caused by a combination of: 
- the high temperatures of the metal near the top of the cap, and 
- the compression force of the threaded cap and vessel interface. 
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System Testing Integrated WH Test System Overview 

The integrated water heater test was designed to cycle the CID at a rate 
similar to what we expect in the field. 

+ A bladder tank allows expansion of the water 
(an incompressible fluid). 

A 5-gallon tank provides a regulated source 
of spring water to a simulated HPWH 
evaporator pan. 

+ Water drained from the pan to the inlet of the 
CID through a 3/8” plastic tube. 

+ The CID was enclosed within the insulating 
jacket of a conventional resistance water 
heater. 

The condensate was injected into the bottomb=i $ 1  
of the water heater (through the drain plug). J 

.& 
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System Testing Integrated WH Test Thermocouple Placement 

As with the bench-top test, thermocouples were placed on the CID vessel 
to monitor the maximum temperatures experienced during the cycles. 

+ Inlet tube to the CID, the water temperatures should not cause 
evaporation 

+ Upper portion of the CID vessel, prevent damage to the plastic cap 

+ Mid-span of the heating element, prevent combustion of insulating 
materials 

+ Lower portion of the CID, location of the thermal-cut out switch 

+ Exit of the CID, should be the saturation temperature corresponding to 
the system pressure 
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System Testing Integrated WH Test Cycles 

We varied the condensate flow rate over a two-month period and completed 
1170 cycles with the integrated CID. 



System Testing Integrated WH Test Typical Cycle 

The typical heating cycle matched the profile of the the bench-top CID. As 
expected, the cool-down period was longer (due to lack of active cooling). 



System Testing Integrated WH Test Cycle Times 

As found with the bench-top test, there was little variation in the heating 
period. However, the cooling period varied widely. 



System Testing Integrated WH Test Cycle Temperatures 

The temperatures remained within the limits we identified as the design 
targets. 
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Su m mary Accom p I is hm en t s 

We have successfully demonstrated the CID concept. 

+ We have identified the major regulations that will influence the design and 
application of the CID. 

+ We have designed and developed the initial CID prototype that satisfies the 
functional requirements. 

We have demonstrated the CID’s durability and performance characteristics. 

May 24, 2001 69465fr.ppt 63 



Summary Energy Savings 

The completed tests demonstrate the CID requires far less energy than the 
electric resistance re-evaporation method. 

Based on a ten-minute cool-down period. 
Based on the actual average cool-down period of 15 minutes. 

May 24, 2001 69465fr.ppt 64 



Summary Potential Energy Savings 

We estimate a significant improvement in the ODE relative to other 
condensate management systems. 

9 E A  

7OoF/50% RH 5O0F/8O% RH 8O0F/8O% RH Closet 
Installation 

Resistance Re-Evaporation 

El Condensate Injection 

De S u pe rhe a te r Re -Evaporation 

Condensate Drain 

Analysis assumes: 
1. Heat-pump capacity of 5600 Btu/hr, COP of 3.0 4. Water draw of 64.3 gallons/day 
2. No backup use of upper or lower electrical resistance heater elements. 
3. Desuperheater losses of 500 Btu/hr (consistent with laboratory test results) 

5. Tank standby losses of 7000 Btu/day 
6. Closet surrounded by 7O0F/5O% RH 



Summary Non-Energy Benefits 

Beyond the energy savings, the development of the CID will lead to 
further market acceptance of the HPWH. 

+ Allows people to install the HPWH in virtually any location that current 
conventional electric water heaters are installed. 

Provides the dehumidification benefit that many consumers desire. 

+ Prevents the recycling of condensate experienced in enclosed spaces. 
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Summary Potential Design Refinements 

We have identified a number of concepts that may decrease the cost and 
increase the reliability of the CID. 
+ Using a thin aluminum, steel or copper vessel with internal fins would 

increase the heat flux in and out of the vessel, and may reduce the 
temperatures that the CID experiences. 
- Increase the throughput of the CID with a reduced cycle time. 
- Increase the energy efficiency of the device. 

+ There are a number of options available for either eliminating the O-ring or 
reducing it’s exposure. 
- Design the float to act as a heat barrier between the steam and the O-ring. 
- Use graphite gaskets or other similar material designed for use in steam 

environments. 

+ By replacing the plastic cap with a metal cap, we could significantly reduce 
the initial production cost of the CID. 
- The stainless steel float combined with the proper gasket material may 

alleviate excess temperatures in the inlet tube. 
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Summary Future Work 

Future activities must seek to accurately asses the degree of regulatory 
risk associated with the CID as well as incorporate further design 
refinements for mass production. 

+ Work with the regulatory bodies in defining how the CID is governed under 
the scope of the various regulations and standards. 
- Develop a fully functional CID for demonstrating and discussing the CID 

process and it’s implications to the regulations. 
- Meet with representatives from UL, IMC, IPC, and the EPA. 

+ Obtain laboratory evidence supporting the safety of injecting condensate from 
the HPWH into the water storage tank. 
- Identify the key water-quality contaminants, 
- Test the HPWH and CID under laboratory conditions to assess the 

potential hazard. 

+ We have been selected by the California Energy Commission to complete 
additional work in obtaining laboratory evidence that supports the safety of 
the CID. 
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